Mutations in exon 12 of the nucleophosmin (NPM1) gene occur in about 60% of adult AML with normal karyotype. By exploiting a specific feature of NPM1 mutants, that is insertion at residue 956 or deletion/insertion at residue 960, we developed highly sensitive, real-time quantitative (RQ) polymerase chain reaction (PCR) assays, either in DNA or RNA, that are specific for various NPM1 mutations. In all 13 AML patients carrying NPM1 mutations at diagnosis, cDNA RQ-PCR showed 430 000 copies of NPM1-mutated transcript. A small or no decrease in copies was observed in three patients showing partial or no response to induction therapy. The number of NPM1-mutated copies was markedly reduced in 10 patients achieving complete hematological remission (five cases: o100 copies; five cases: 580-5046 copies). In four patients studied at different time intervals, the number of NPM1 copies closely correlated with clinical status and predicted impending hematological relapse in two. Thus, reliable, sensitive RQ-PCR assays for NPM1 mutations can now monitor and quantify MRD in AML patients with normal karyotype and NPM1 gene mutations.
Introduction
A large body of evidence shows minimal residual disease (MRD) in human leukemia significantly correlates with clinical outcome, making MRD monitoring important for clinical decisions. [1] [2] [3] Although immunophenotypical investigation of MRD predicts outcome in patients with acute myeloid leukemia (AML), 3 large panels of monoclonal antibodies are needed to cover all myeloid lineages, several blast cell subpopulations may coexist at diagnosis and the method has never been applied in large multicenter clinical protocols. Thus, in AML, easy and reliable MRD monitoring is possible in only about 30% of patients with genetic markers that polymerase chain reaction (PCR) detects, including those carrying inv (16) , 4, 5 t(8;21), 5 and t (15;17) 2 balanced chromosomal translocations. For the 40-50% of AML patients in different clinical trials who, at conventional cytogenetics/FISH, show normal karyotype no satisfactory method is available for monitoring MRD.
Detection of FLT3 mutations 6, 7 and overexpression of the Wilms' tumor (WT1) gene 8 have been proposed. However, FLT3 mutations, which are usually considered secondary abnormalities, are not stable during follow-up and are detectable in only 30% of AML with normal karyotype. 6 Drawbacks are also associated with monitoring WT1 gene overexpression, since the assay has limited sensitivity and can be applied to a minority of AML patients. 8 We recently identified mutations occurring at exon-12 of the nucleophosmin (NPM1) gene as the most specific and frequent genetic lesion in adult 9 and pediatric 10 AML patients with normal karyotype. NPM1 mutations cause alterations at the Cterminus of the NPM mutant proteins 9, 11 which are responsible for their aberrant cytoplasmic expression. About 40 heterozygous NPM1 mutations have been identified to date. [12] [13] [14] [15] [16] Mutation A, due to a TCTG tetranucleotide duplication at position 956, accounts for over 75% of adult cases and another 15-20% show mutation B or D due to insertion of a CATG or CCTG tetranucleotide at position 959. By exploiting features of the mutated DNA/RNA NPM1 sequence, we developed highly sensitive, specific, reliable real-time quantitative (RQ) PCR assays for both DNA and RNA, which are able to monitor all the variant NPM1 mutations in adult AML with normal karyotype.
Materials and methods

Patients and samples
Fresh or thawed bone marrow and/or peripheral blood mononuclear cells from AML patients at diagnosis and/or at different follow-up time points were separated using Ficoll-Hypaque (Pharmacia LKB, Uppsala, Sweden) and subjected to RNA extraction using the RNAwiz reagent (Ambion, Austin, TX, USA) or to DNA extraction by the standard phenol-chlorophorm method.
Plasmids
A PCR amplification product, containing mutation A, generated from patient RNA by RT-PCR using primers NPM1_390_F (5 0 -GGTCTTAAGGTTGAAGTGTGGT-3 0 ) and NPM1_1043_R (5 0 -TCAACTGTTACAGAAATGAAATAAGACG-3 0 ) 9 was cloned into plasmid vector pCR II-TOPO (Invitrogen, Groningen, The Netherlands), as described. 17 Plasmid DNA concentration was determined by absorbance measurement; five serial plasmid dilutions (10 5 , 10  4 , 10  3 , 10   2 , 10 copies) were prepared. Sequential dilutions were amplified by RQ-PCR to construct a standard curve for the absolute quantitative assessment of copy number. The NPM1 mutation A value was normalized on the number of Abelson (ABL) transcripts and expressed as the number of NPM1 mutation A copies every 10 4 copies of ABL.
17
Real-time quantitative-polymerase chain reaction assays for cDNA
Real-time quantitative-polymerase chain reaction assays shared a common forward primer and probe, but differed on the mutation specific reverse primer. We focused on mutations A and B, which account for almost 90% of all NPM mutations in AML. Probe and primers were designed by Primer Express software (Applied Biosystems, Foster City, CA, USA): the forward primer in exon 11 (cNPM1F), probe in exon 11/exon 12 junction (5 0 -FAM-3 0 -MGB) and reverse primers, in exon 12 (cNPM-mutA-R and cNPM-mutB-R) (Figure 1 ). Reverse transcription was performed on 1 mg RNA according to EAC protocol. 17 Real-time quantitative-polymerase chain reaction mixture reaction contained 12.5 ml Taq Man Universal PCR Master Mix (Applied Biosystems), 300 nM Primers, 200 nM probe and 5 ml cDNA (1/10 of RT product), in a total volume of 25 ml. We used ABI PRISM 7700 Sequence Detection System (Applied Biosystems), for sample amplification and analysis. Amplification conditions were: 2 min at 501C (UNG enzyme activation), 10 min at 951C (UNG enzyme inactivation and AmpliTaq polymerase activation) followed by 50 cycles at 951C for 15 s and at 621C for 1 min for mutation A and at 59 for 1 min for mutation B. To correct for quantity and quality of RNA samples, the ABL gene RNA was amplified. A threshold value of 0.1 was used and baseline was set to 3-15 either for ABL or for NPM1; 17 all analyses were performed in duplicate. To assess sensitivity and specificity, 10-fold serial dilutions were performed mixing RNA from bone marrow cells carrying NPM1 mutation A or B and RNA from a bone marrow pool of patients without NPM1 mutations.
Real-time quantitative-polymerase chain reaction assay for genomic DNA Specific forward primers for NPM1 mutations were designed using Primer Express software (Applied Biosystems) to anneal to the mutated region of NPM1 exon 12. To simplify and optimize the RQ-PCR procedure, a common reverse primer and probe were designed on the exon 12 sequence (Primer Express software). A specific reverse primer was designed for the NPM1 type A mutation (Figure 1 ). The TaqMan PCR core reagent kit was used (Applied Biosystems). Reaction mixtures of 25 ml contained 2.5 ml TaqMan buffer A, 5 mM MgCl 2 , 0.3 mM dATP, 0.3 mM dCTP, 0.3 mM dGTP, and 0.6 mM dUTP, 5 mM primers, 1.25 U AmpliTaq Gold and 500 ng DNA. The amplification protocol consisted of 10 min at 951C (denaturation of target DNA, and activation of AmpliTaq Gold), followed by target amplification via 50 cycles of 15 s at 951C and 1 min at 611C. Real-time analysis was performed on the ABI PRISM 7900 Sequence Detection System (SDS) containing a 96-well thermal cycler (Applied Biosystems); all samples were tested in triplicate. Real-time quantitative-polymerase chain reaction was optimized for each NPM1 mutation by modifying annealing temperature to increase sensitivity and specificity. For all NPM1 mutations, the best amplifications were obtained using 611C as annealing temperature. To correct for quantity and quality of DNA in follow-up samples, the Albumin gene DNA was amplified (TaqMan s Control Genomic DNA, Applied Biosystems). Standard curves for NPM1 and Albumin were established by amplifying a 10-fold serial dilution of target DNA in DNA from healthy donor peripheral blood mononuclear cells or water, respectively. The values for NPM1 mutations were divided by the albumin value. The diagnostic value was set as 1.0. NPM1 specific quantities in follow-up samples were related to quantity at diagnosis.
In accordance with the European Study Group current guidelines on MRD in leukemia, 18 in all results 'maximal reproducible sensitivity' was defined as the lowest dilution in which all replicates were positive within a 1.5 cycle threshold (C t ) range, and the highest C t of replicates was at least 3.0 C t lower than the lowest background amplification replicate. 'Maximal sensitivity' was defined as the lowest dilution with at least one positive replicate, and at least 1.0 C t lower than the lowest background amplification replicate. Amplifications in 1 of 2 wells, below the maximal reproducible sensitivity but still 1.0 C t lower than the lowest background replicate, are classified as 'positive, not quantifiable'.
Results
Real-time quantitative-polymerase chain reaction assays
The feasibility of using NPM1 mutations as a marker for MRD detection was assessed in RNA and DNA.
cDNA. Real-time quantitative-polymerase chain reaction sensitivity and specificity were tested in 10-fold serial plasmid dilutions. Figure 2 shows C t values for each replicate and curve slopes for each plasmid amplification experiment. Plasmid Figure 1 Real-time quantitative-polymerase chain reaction (RQ-PCR) for detecting NPM1 mutations. (a) NPM mutation-specific genomic DNA assay for all mutations except A use a common reverse primer (gNPM-R1) and probe (g. Probe) which anneal at exon-12. Mutation A uses gNPM-R2 as reverse primer and the g. Probe. Each mutationspecific forward primer anneals at exon 12. cDNA assay for mutations A and B use a common forward primer (cNPM1-F) in exon 11 and a cDNA probe (c.Probe) at the exon 11/exon 12 junction. Mutationspecific A primer (cNPM-mutA-R) and mutation-specific B primer, (cNPM-mutB-R), anneal in exon 12. (b) Genomic and cDNA primer sequences. NPM1 exon structure derived from GenBank accession number NM_002520. standard curves showed a mean slope of À3.38 and intercept of 39.570.45 C t . High correlation coefficients (40.99 in all experiments) allowed accurate assessment of NPM1 mutation A copies in unknown samples. Maximal reproducible sensitivity corresponded to 10 plasmid molecules (Figure 2 ). To mimic real MRD assessment, cDNA RQ-PCR sensitivity and specificity were tested in 10-fold serial dilutions of diagnostic RNAs from five AML cases (four mutations A; one mutation B) ( Table 1) . Maximal reproducible sensitivity was 10 À4 in all. Maximal sensitivity was 10 À6 in three of four AML cases with mutation A and 10 À5 in the other. Patient 5, carrying mutation B, had a 10 À6 sensitivity ( Table 1 ). The assay was highly specific as the background was amplified in only one case, at very high C t (C t 448).
Genomic DNA. Real-time quantitative-polymerase chain reaction sensitivity and specificity was tested on DNA from 15 AML patients (nine mutations type A; two type D; and one of each type B, E, G and H). 9, 10 We performed 10-fold serial dilutions of diagnostic DNA in DNA from a pool of peripheral blood mononuclear cells from five healthy donors. The same fluorescent probe was used for all mutations combined with a specific forward primer for each NPM1 mutation type (see Figure 1) . A common reverse primer was developed for all NPM1 mutations, except for mutation A for which we designed a specific primer, in order to improve specificity and sensitivity (see Figure 1 ). All amplification plots were analyzed by positioning the C t at 0.1. In all cases, this value was in the linear range of all dilutions. At least 10 À4 sensitivity was reached in all cases but one; maximal reproducible sensitivity was at least 10 À4 for eight patients and 10 À3 for seven patients (Table 1) . Maximal reproducible sensitivity was lowest for mutation A, probably because of its 4 nucleotide tandem duplication. Cases with a longer nucleotide insertion displayed a higher sensitivity, as expected. The assay was highly specific as the background was amplified in only two cases, at very high C t s ( Table 1) . The mean C t of undiluted DNA samples was 23.3 (range 22.1-24.8). The mean dilution curve slope was À3.6 (range: À2.9-4.0). High correlation coefficients (0.99 in all but one) allowed accurate assessment of the quantity of NPM1 in unknown samples.
Monitoring minimal residual disease in NPMc þ acute myeloid leukemia
Using the plasmid calibration curve (see Figure 2) , we analyzed samples from 13 AML patients carrying NPM1 mutation A at diagnosis and after induction therapy who were similar in terms of FAB type; % of blasts and clinical features. Results were expressed as the NPM1 mutation A copy number for every 10 4 copies of ABL (Figure 3a) . More than 55 000 mutated copies were found in all but one (430 000 copies) of these 13 cases. After induction therapy, the number of copies dropped markedly in 10 patients who achieved complete hematological remission. Five reached o70 copies; the other five had between 580 and 5046 copies (Figure 3a) . A small or no decrease in NPM1-mutated copies was observed in three patients (one partial hematological remission; two chemoresistant cases) (Figure 3a) . In three representative cases (Figure 3b ) of these 13 patients with NPM1 mutation A, cDNA RQ-PCR showed o10 copies after the first or second cycle of consolidation therapy in all three but the kinetics were different in each patient. A few persistent NPM1-mutated copies were associated with hematological remission in one. In the other two, the number of copies rose again and hematological relapse was diagnosed at different time-points.
In four cases we monitored MRD by both NPM1-mutated allele expression and WT1 gene expression at the same followup time-points. A representative experiment is shown in Figure 3c . Similar profiles were observed; however, costitutive WT1 expression was always detected during follow-up, while NPM-mutated expression was further decreasing in intermediate time points, increasing the range of tumor cells discrimination (Figure 3c) . In patient 15 with mutation H (Table 1) , genomic RQ-PCR showed the NPM1-mutated clone decreased during therapy (Figure 3d ). At complete hematological remission (3 months after induction therapy), the NPM1-mutated clone resulted 'positive, not quantifiable' (below 10 À4 maximal reproducible sensitivity, with 10 À5 maximal sensitivity). After autologous bone marrow transplantation, MRD was negative (o10
À5
). The patient is still in molecular remission after 1.5 years.
Discussion
We describe highly sensitive, specific, reliable assays for assessing MRD in AML patients carrying mutations in exon 12 of the NPM1 gene. 9 This subgroup, named NPMc þ AML, accounts for about one-third of adult AML 9 and 7% of childhood AML, 10 that is, respectively, 60% and 25% of adult and pediatric AML with normal karyotype. NPMc þ AML exhibits distinct clinical and pathological features: frequent M4 and M5 FAB morphology, multilineage involvement, no CD34 expression, and high frequency of FLT3 mutations 9 . NPMc þ AML shows distinct gene expression profiling, 19 better response to induction therapy, 9 and more favorable long-term survival than AML with normal karyotype without NPM1 mutations. [14] [15] [16] Although we know at least 40 NPM1 mutation variants have been identified in 1839 sequenced AML cases, [12] [13] [14] [15] [16] the RQ-PCR assays we developed allow us to analyze 495% of NPMc þ AML patients because mutation A accounts for 70-80% of all NPM1 mutations, [12] [13] [14] [15] [16] and mutations B and D for an additional 15-20%. The same RQ-PCR assays can be adapted to AML patients carrying sporadic (o5%) NPM1 mutations, by using forward or reverse mutation-specific primers. Since mutation A is most prevalent, a plasmid containing the type A sequence was used as calibrator for absolute quantification in cDNA PCR assay. To simplify and standardize the method for routine use, a single fluorescent MGB-probe was designed on NPM1 exon 11-exon 12 junction, and a common forward primer was designed on NPM1 exon 11. Using a exon 12 mutation-specific reverse primer and a probe positioned on the exon junction limits amplification to the cDNA target, excluding contaminating genomic DNA.
Our RQ-PCR assays can be applied on RNA and DNA. The cDNA assay seems to be slightly more sensitive than the genomic perhaps because of the relatively high expression of NPM transcripts. cDNA RQ-PCR can be applied to samples Table 1 Features of the amplification curves for 10-fold dilution series. (Figure 3a ) the number of NPM1 type A-mutated transcripts closely correlated with tumor burden at diagnosis and with response to induction therapy. At diagnosis, the number of NPM1-mutated copies was 430 000 in all patients. No drop was observed in one patient with refractory disease. Only a slight decrease occurred in another nonresponder and in one case achieving partial remission. All 10 patients who obtained complete hematological remission showed a marked reduction in NPM1-mutated copies. They were heterogeneous in terms of the tumor reduction kinetics, since fewer than 100 copies persisted in five patients, while residual NPM1-mutated copies ranged in number from 580 to 5046 in the others. Interestingly, three of the five cases with under 100 copies were long-term survivors (data not shown). Many more cases need to be analyzed to establish whether the number of persistent NPM1 transcripts copies will serve (possibly in association with other parameters such as the absence of FLT3-ITD mutations) [14] [15] [16] as a predictor for long-term favorable outcome in NPMc þ AML.
The reliability of NPM-based MRD detection was further supported by the simultaneous detection of mutation-specific NPM gene expression and WT1 gene expression during followup of four cases. Although similar profiles were observed, these preliminary data suggest that NPM could be more appropriate than WT1 for MRD monitoring in AML cases with normal karyotype. In all cases, the NPM1-mutated allele was expressed at levels higher than WT1. Moreover, at intermediate time points the constitutive WT1 expression is always detected, while NPM1-mutated allele is specific for the leukemic cell and its expression can further decrease (Figure 3c) .
Finally, our results in three NPMc þ AML patients for whom information was available at diagnosis and throughout followup suggest our RQ-PCR assays predict impending hematological relapse (Figure 3b ). This information might be useful for stratifying AML patients with normal karyotype to specific risk groups and/or for deciding to increase therapy because of early evidence of disease progression.
In our study, NPM status emerges as a stable marker of MRD. Confirming this observation, Boissel et al. 13 reported 15/15 AML patients (10 NPM þ ; 5 NPMÀ) maintained the same NPM mutation pattern at diagnosis and relapse. Although Suzuki et al.
12 reported 2/17 AML patients lost NPM positivity, one had normal karyotype at diagnosis but at relapse presented an acquired clonal del(20)(q1?) abnormality, indicating the relapse clone had another origin. Although these data indicate NPM mutations tend to be stable, stability needs to be confirmed in a large cohort of paired AML patients who relapse.
Conclusion
Our specific, sensitive RQ-PCR assays for cDNA and genomic DNA quantitatively assess NPM1-mutated gene copies and provide, for the first time, a reliable system for monitoring MRD in the majority of AML patients with normal karyotype. Future studies in large prospective clinical trials should focus on whether these assays will serve as predictors of imminent hematological relapse and long-term survival.
